1. Introduction {#sec1}
===============

High nitrogen stainless steel (HNS) is a novel metal material with better mechanical properties and biocompatibility, which has great potential to be used as a metal platform material for artery stents \[[@bib1]\]. In terms of mechanical properties, the tensile strength of HNS is higher than L605 cobalt-base alloy and twice of the 316L stainless steel, which are the two widely used platform materials for clinical stents \[[@bib2]\]. Therefore, the size of HNS support wire is expected to be smaller than that of L605 cobalt-based alloy but with higher support strength. In terms of biocompatibility, HNS is a kind of austenitic stainless steel, but in its novel composition design the austenitizing element nickel has been replaced by nitrogen to avoid the allergy, infection and teratogenicity problems caused by the nickel-based austenitic stainless steels. Fujiu et al. \[[@bib3]\] found significantly less neointima formation and inflammation in arteries implanted with Ni-free stents compared to SUS316L stents. While notably, Ni^2+^ was eluted into the medium from SUS316L but not from Ni-free stainless steel. Ren et al. \[[@bib4]\] compared the platelet adhesion characteristics of nickel-free and conventional 316L stainless steel and found that nickel-free stainless steel has better anti-platelet adhesion performance than 316L stainless steel, which can reduce the probability of thrombosis to some extent. In terms of corrosion resistance properties, the pitting corrosion has a great impact on the safety of implants. Studies have found that cold deformation reduces the pitting corrosion resistance of stainless steel materials and increases the risk of fracture failure \[[@bib5]\]. However, for HNS with low nitrogen content, cold deformation significantly reduced the pitting corrosion resistance of nickel-free stainless steel \[[@bib6]\]. But with the increase of nitrogen content, the influence of cold deformation on pitting corrosion resistance becomes less obvious \[[@bib7],[@bib8]\], thus implying that HNS stents can effectively reduce the risk of fracture failure. Hence, HNS stent has good clinical application prospect due to its many advantages.

Generally, being a bioinert metal device, stent implantation could lead to the foreign body reaction. In order to reduce such side-effect, the drug-eluting stents have been developed and used in clinic as a kind of targeted drug delivery medical devices. Since, the targeting place for a drug-eluting stent is the coronary artery. The active drug released from the external surface of the stent will directly act on the contact artery wall, and the drug released from the internal surface of the stent will mix into the blood to participate in blood circulation. Pharmacokinetic analysis is a standard method to evaluate the drug release behavior, drug distribution, and metabolism *in vivo*. There are many reports about the pharmacokinetic analyses of coronary artery stents with drug-release coating. Paclitaxel, sirolimus, and derivative of sirolimus have been verified to be clinically useful to prevent in-stent restenosis (ISR) and have been used worldwide \[[@bib9], [@bib10], [@bib11], [@bib12]\]. One study defined the initial *in vivo* systemic pharmacokinetics of sirolimus-eluting stent in a porcine coronary modal for the implantation period of 30 days \[[@bib13]\]. It was concluded that the peak sirolimus level in the tissue occurred in one day while the peak level in blood occurd at 60 min. Besides, arteries and myocardial tissue adjacent to or distant from the implanted stent contained much less sirolimus than the stented vessel. Sirolimus-eluting stents can achieve effective local drug delivery to the target lesion with minimum drug concentration in the surrounding tissue. Preclinical safety and pharmacokinetics of the NEVO™ stent were also evaluated on single stent implant for 60 days \[[@bib14]\]. It was shown that more than 90% sirolimus eluted from the stent and sirolimus levels in blood, myocardium, and peripheral organs declined below the quantification limit at 60-day implantation. To evaluate the pharmacokinetics and safety of the Zilver PTX drug-eluting stent (Cook Medical, Bloomington, Indiana) in an average porcine artery model, 18 pigs were implanted \[[@bib15]\]. Drug residuals on the stent, artery wall, adjacent and downstream muscle, and plasma were detected during 56-day implantation. It was found that almost 95% of the total paclitaxel was delivered within 24 h after deployment because of the drug coating without polymer. However, there was sustained drug in the artery walls after 56-day implantation, and very little paclitaxel was distributed regionally or systemically, while it became undetectable in plasma within 10 h. Ma et al. studied the pharmacokinetic behavior of the stent with paclitaxel and sirolimus double drug coating during 21-day implantation \[[@bib16]\]. The data suggests that paclitaxel and sirolimus can be combined in a DES pharmacokinetically for the treatment of coronary arterial diseases. It is noteworthy that the pharmacokinetics study is essential before pre-clinical study for drug eluting stent, but all the previous studies on the time of pharmacokinetics are shorter than 60 days.

The properties of the drug-eluting coated stent are important determinant to control the drug release behaviors *in vivo*. In our previous study, it was shown that the polymer/drug ratio could affect the drug released profile of the coating \[[@bib17]\]. Based on the above studies, a sirolimus-eluting coating was prepared on a HNS stent in this study. Standard analyses were adopted to evaluate the pharmacokinetics of sirolimus-eluting stent in porcine arteries like the previous reports in literature, i.e., the drug concentration in plasma, artery wall, myocardium and primary organs. It is worth mentioning that an extended research period, i.e., for 120 days was set in order to obtain more reliable results. Furthermore, both restenosis rate and inflammatory grade of sirolimus-eluting stent made of HNS *in vivo* were studied to assess the preclinical safety of the drug-eluting stent in this study.

2. Materials and methods {#sec2}
========================

2.1. Materials {#sec2.1}
--------------

In this study, the metal stent platform was made of a novel metal- HNS mini-tube by using a laser cutting machine (Model micro T15F-300, Swisstec Corporation, Switzerland). The metal stent platform was coated with a drug-eluting coating which was composed of sirolimus and poly lactic-co-glycolic acid (PLGA, M~W~ = 100,000, D,[l]{.smallcaps}-lactide:glycolide = 75:25) and served as the drug carrier. Sirolimus was purchased from North China Pharmaceutical Co., Ltd., while PLGA was purchased from LACTEL Absorbable Polymers. All the coating materials were permitted for clinical use. Both sirolimus and PLGA were dissolved in 1% acetone solvent (purchased from Sinopharm Group Co., Ltd.) where the ratio of PLGA over sirolimus was 1.5:1. The sirolimus-eluting coating was prepared by using a MediCoat DES 1000 Benchtop Stent Coating System (Sono-Tek Corp., Milton, NY) under a clean hood environment. The drug loaded on each stent was about 100 μg/cm. All stents were sterilized with ethylene oxide before implantation.

2.2. Characterization and drug release behavior *in vitro* {#sec2.2}
----------------------------------------------------------

The surface morphology and the coating thickness of the prepared drug-eluting stent were observed by scanning electron microscope (Model S--3400 N, Hitachi Limited, Tokyo, Japan). To detect the coating thickness of drug-eluting stent, it was embedded in epoxy resin after applying a gold spray and then was grinded along the cross section of the stent wire.

The purpose to study drug release behavior *in vitro* was to support the drug release data *in vitro* and set up the incidence relation between drug release behaviors *in vivo* and *in vitro*. During the *in vitro* drug release experiment, drug coated stents were immersed in PBS solution with 3% FBS (fetal bovine serum) for 2 h and 1, 3, 5, 7, 14, 28, 60, 90, 120, and 180 days, respectively. At each set point, three stents were taken out to detect the residual sirolimus on the stent, and calculated their drug release rate according to the following formula. The test method was the same as reported in our previous work \[[@bib8]\].$$\text{Drug}\mspace{9mu}\text{released}\mspace{9mu}\text{rate} = \frac{the\mspace{9mu} total\mspace{9mu} sirolimus\mspace{9mu} on\mspace{9mu} the\mspace{9mu} stent - residual\mspace{9mu} sirolimus\mspace{9mu} on\mspace{9mu} the\mspace{9mu} stent}{the\mspace{9mu} total\mspace{9mu} sirolimus\mspace{9mu} on\mspace{9mu} the\mspace{9mu} stent} \times 100\%$$

2.3. Pharmacokinetics study *in vivo* {#sec2.3}
-------------------------------------

The purpose of pharmacokinetics study *in vivo* was to evaluate release, distribution, and metabolism of the drug during the stent implantation in porcine coronary arteries for 120 days. In this study, there were eight set of time points (1, 3, 7, 14, 30, 60, 90 and 120 days) after implantation while six stents were implanted in 2--3 porcine at each time point. After 0.5, 1, 2, 3, 6, 12 h and 1, 3, 7, 14, 30, 60, 90, 120 days implantation, the venous blood was drawn to detect the sirolimus plasma concentration by high-performance liquid chromatography-mass spectrometry (HPLC-MS, Shimadzu, Shimadezu LC-30AD). Moreover, the porcines with stent implantation were sacrificed at 1, 3, 14, 30, 60, 90, 120 days to detect the sirolimus concentration in the stented vessel, stent, myocardium and vital organs (lung, liver, spleen and kidney) to learn about the drug distribution and metabolism of sirolimus-eluting stent on organs. During this test, one standard curve was built in each batch analyses, which contained no less than six standard concentration points and the accompanied quality control (QC) samples. Among them, the accuracy of more than 3/4 concentration points in the standard curve was within 85--115%. Whereafter, the standard curve was used to calculate the drug concentration of determinants. The research plan was approved by IACUC of Huizhi yinghua medical technology research and development (Shanghai) Co., LTD.

According to the individual concentration-time data, using the actual sampling times, the following pharmacokinetic parameters were derived from the bioanalytical results of sirolimus: Tmax, the time peak concentration (day); Cmax, the peak blood concentration (nanogram per milliliter); AUC, the area under the concentration-time curve (nanogram hour per milliliter).

2.4. Tissue response study *in vivo* {#sec2.4}
------------------------------------

In this part of the study, the preclinical safety of HNS made sirolimus-eluting stent was studied *in vivo*. The research plan was approved by the animal ethics committee of Shanghai zhongshan hospital affiliated to fudan university. Besides, a bare HNS stent, a bare 316L stent (SUN 316L stainless steel bare stent system fabricated by Sun Technology Inc) and a commercial sirolimus-eluting stent (Helios drug-eluting stent system fabricated by Kinhely biotechnology Co., Ltd.) were used as control group. Stents from two different groups were implanted in one porcine for contrast. There were five time points (14, 30, 90, 180 and 360 days) and six stents were implanted in three porcine at each time point. The stented coronary arteries for each group were fixed in 4% formaldehyde, which were then embedded in methyl-methacrylate (Technovit 7200, Kulzer, Germany). Cross-section slices of 50 μm in thickness were cut at 10 mm below the greater trochanter by using a cutting-grinding system (Exakt, Norderstedt, Germany). The sections were stained by hematoxylin-eosin staining to analyze the restenosis rate and inflammation score of the stents in each group.

The microimage analyzer (leica DM 2500) was used to detect the following indicators: residual lumen area, internal area of internal elastic plate, internal area of external elastic plate, area of neointima (internal area of internal elastic plate - area of residual lumen), area stenosis percentage (area of internal intima/internal area of internal elastic plate). Besides, Inflammation score is the sum of inflammation scores at each scaffold/the number of scaffolds.

2.5. Statistical analysis {#sec2.5}
-------------------------

All values were expressed as mean ± standard deviation. Paired T test was used for each group. SPSS 20.0 statistical software was used to analyze the data. P \< 0.05 was considered statistically significant.

3. Results {#sec3}
==========

The drug-eluting stent is a leading way to treat coronary heart disease. As an ideal local drug delivery platform, the drug on stent could release controllably to inhibit the vascular smooth muscle proliferation and reduce the restenosis risk after stent implantation. It was reported that the vascular smooth muscle proliferation began after drug-eluting stent was implanted for 24--48 h and reached the highest proliferation rate at 10--14 days \[[@bib18]\]. To obtain the best curative effect, the concentration of released drug should be kept at an optimal level. As an immunosuppressant, sirolimus is used to cure the rejection reaction after organ transplantation. In one report, a 6 mg single-dose oral sirolimus was used for the first time with a subsequent dose of 2 mg/day, which kept the blood concentration at the range of 10--20 ng/ml \[[@bib19]\]. The side effect of sirolimus is dose-dependent as shown in many clinical tests. In this study, the drug concentration of 100 μg/cm was used on each stent, which means that, the longest duration drug eluting stent has a total drug load quantity of 340 μg. Therefore, owing to the lower amount of drug release each day, the drug elution of HNS drug eluting stent is even less than the oral dose. Therefore, HNS sirolimus-eluting stent should be safe since the total body exposure of sirolimus was remarkably lower than the oral dose. For the sirolimus eluting stent, delay of endothelialization is a serious side effect after implantation in lots of clinical applications \[[@bib20]\]. In this study, the pharmacokinetic and the tissue response are studied to evaluate the bio-safety and effectiveness of HNS sirolimus-eluting stent, especially endothelialization.

3.1. Drug eluting coating properties {#sec3.1}
------------------------------------

### 3.1.1. Surface morphology and coating thickness {#sec3.1.1}

[Fig. 1](#fig1){ref-type="fig"} shows the surface morphologies and the thickness of sirolimus eluting coating on the HNS stent. As shown in [Fig. 1](#fig1){ref-type="fig"}(a), the surface morphologies are smooth, uniform and with out any adhesion at the corners. The cross-section of coating is shown in [Fig. 1](#fig1){ref-type="fig"}(b) and (c), which shows the coating thickness is about 2.91--3.18 μm and is relatively uniform.Fig. 1SEM images showing the surface morphologies and coating thickness of stent.Fig. 1

### 3.1.2. Drug release *in vitro* {#sec3.1.2}

[Fig. 2](#fig2){ref-type="fig"} shows the drug release profile of the HNS sirolimus-eluting stent after immersion in PBS for a set period. The result displayed that the drug release rate was faster and the cumulative drug release was approximately up to 50% after 3-days immersion. Whereafter, the drug release rate decreased gradually, releasing about 90% at 120-days immersion and all at 180 days.Fig. 2In vitro release profile of sirolimus from PLGA coated HNS stents in PBS.Fig. 2

3.2. Pharmacokinetics *in vivo* {#sec3.2}
-------------------------------

The residual sirolimus on the HNS sirolimus-eluting stent was detected after implantation, the drug residual quantity profile is shown in [Fig. 3](#fig3){ref-type="fig"} (a). It can be seen that there are three drug residual quantity profiles, respectively, representing the stents implanted in LCX, LAD and RCA. Moreover, there is no significant difference in the residual drug quantity among the stents implanted in different coronary arteries. According to the total sirolimus on the stent and the calculated formula of drug release rate, the drug release rate profiles of the stents implanted in LCX, LAD and RCA arteries were obtained, as shown in [Fig. 3](#fig3){ref-type="fig"} (b). After 1 day implantation, the drug release rate almost reached 50% (70--80 μg remaining). Whereafter, the drug release rate decreased gradually, releasing about 90% (5--15 μg remaining) at 60-days implantation and all at 120-days implantation. The pharmacokinetic parameters of HNS sirolimus eluting stents implanted in different arteries were calculated and are list in [Table 1](#tbl1){ref-type="table"}. The T~max~ of sirolimus released from the stent was 1-day after implantation in different arteries. The C~max~ values of implanted stents were 80840.00, 73410.00 and 83560.00 μg/L; the mean AUC values were 3562470.00, 3157885.00 and 2537040.00 μg·d/L, respectively, in LCX, LAD and RCX. Terminal half-life values varied with the ability to quantify sirolimus residual on the stents were 40.76, 21.60 and 25.19 days, respectively, in LCX, LAD and RCX.Fig. 3Drug release profiles, (a) residual drug quantity on the stent, (b) drug release rate in different coronary arteries.Fig. 3Table 1Pharmacokinetic parameters of sirolimus rested on the stents after implantation.Table 1Parameter (Unit)LCXLADRCAAUC (ug·d/L)3562470.003157885.002537040.00T~max~ (d)1.001.001.00C~max~ (ug/L)80840.0073410.0083560.00t1/2 (d)40.7621.6025.19

After implantation of the HNS sirolimus-eluting stent, the sirolimus concentration in different adjacent tissue was detected. The first detected position was coronary artery, which was the nearest tissue and the target position for a drug-eluting stent. The *Log* of the sirolimus concentration of the stented coronary arteries (LCX, LAD and RCX) are shown in [Fig. 4](#fig4){ref-type="fig"}, and the pharmacokinetics data are list in [Table 2](#tbl2){ref-type="table"}. There was a high drug concentration in the coronary arteries after 1-day implantation that kept the same level for 14 days. Then the drug concentration in the coronary arteries increased gradually and peaked at 90 days implantation. So the T~max~ was 90 days and the corresponding C~max~ were 187705.50, 211933.73 and 249354.57, respectively, in LCX, LAD and RCX. Whereafter, the drug concentration in the coronary arteries declined rapidly, however, there was also a large amount of residual drug in the arteries at 120-days implantation. Furthermore, there was no significant difference in drug release rate among the stents implanted into LCX, LAD and RCA.Fig. 4Drug concentration in the stented coronary arteries.Fig. 4Table 2Pharmacokinetic parameters of sirolimus accumulated in different coronary arteries after implantation.Table 2Parameter (Unit)LCXLADRCAAUC (ug·d/L)9804359.4410018602.2512327649.70T~max~ (d)90.0090.0090.00Cmax (ug/L)187705.50211933.73249354.57

As shown in [Fig. 5](#fig5){ref-type="fig"}, the drug concentration in cardiac muscles near the stented coronary arteries reached to the highest level after 1-day implantation. After that, the drug concentration declined gradually during the first 14-days implantation and remained at a lower level until 60 days. Then the drug concentration in cardiac muscles quickly rose up to another peak value at 90-days implantation, and the drug in cardiac muscles metabolized gradually soon afterward. There was no significant difference in drug concentration among different coronary arteries. According to the above pharmacokinetics data and the trend curve, the pharmacokinetic parameters were calculated and are list in [Table 3](#tbl3){ref-type="table"}. As listed, the T~max~ was 1-day in cardiac muscle, but was 90-days in heart. The AUC in cardiac muscle was higher than the heart. The C~max~ was 205.07 (LCX), 218.20 (LAD) and 235.85 (RCA), respectively, which was higher than the C~max~ in heart. The t1/2 was 39.82, 22.61 and 17.19, in LCX, LAD and RCA cardiac muscle, respectively.Fig. 5Drug concentration in the cardiac muscles near the stented coronary arteries.Fig. 5Table 3Pharmacokinetic parameters of sirolimus accumulated in cardiac muscles and heart tissue after implantation.Table 3Parameter (Unit)LCX cardiac musclesLAD cardiac musclesRCA cardiac musclesHeartAUC (ug·d/L)2732.744157.907159.282183.60T~max~ (d)1.001.001.0090.00C~max~ (ug/L)205.07218.20235.8556.50t1/2 (d)39.8222.6117.1926.46

The distribution tendencies of the drug concentration in visceral organs after drug-eluting stents implantation are shown in [Fig. 6](#fig6){ref-type="fig"}. It can be seen that the drug concentration in each visceral organ rose up to the highest level after 1-day implantation, followed by a declination of drug concentration in each organ. There was only a trace drug concentration residue in the organs after 14-days implantation, and the drug concentration was below the detectable limit (BDL, 0.2 ng/ml) after stents implantation of 30 days. However, the drug concentration in the heart rose up to another peak value after 90-days implantation and then metabolized gradually. The distribution tendency of the drug concentration in the heart was same as those in coronary arteries and cardiac muscles with different drug concentration levels.Fig. 6Sirolimus concentration in visceral organs after drug-eluting stent implantation.Fig. 6

The average drug concentration in plasma was detected after implantation of the HNS sirolimus-eluting stents, is shown in [Table 4](#tbl4){ref-type="table"}. It is demonstrated that the sirolimus concentration in plasma was lower than the detectable limit 0.2 ng/ml, denoted as BLLOQ.Table 4Average drug concentration in plasma after sirolimus-eluting stents implantation.Table 4Implantation timeAverage drug concentration in plasma (ng/g)Pre-implantationBLLOQ0.5hBLLOQ1hBLLOQ2hBLLOQ3hBLLOQ6hBLLOQ12hBLLOQ1dBLLOQ3dBLLOQ7dBLLOQ14dBLLOQ30dBLLOQ60dBLLOQ90dBLLOQ120dBLLOQ

3.3. Histological morphology and quantitative analysis {#sec3.3}
------------------------------------------------------

[Fig. 7](#fig7){ref-type="fig"} shows the HE stain morphologies of each stent group, where [Figs. 7](#fig7){ref-type="fig"}(a-1- a-4) is the HE stain morphologies of four stent groups after 14-days implantation. It can observe that the Lumen stenosis occurred in the coronary arteries implanted with 316L bare stent. Two group of drug eluting stents were all exposed to the blood but only HNS bare stent was covered partly by neointima. [Figs. 7](#fig7){ref-type="fig"}(b-1- b-4), shows the HE stain morphologies of four stent groups after 30-days implantation. It can found that the lumen stenosis phenomenon for the 316L bare stent implanted coronary arteries continued up to 90 days ([Fig. 7](#fig7){ref-type="fig"}(c-1-c-4)). The two groups of drug eluting stents inhibited intimal hypertrophy, in addition, the neointima thickness was moderate after HNS bare stent implantation for 30 and 90 days.Fig. 7HE stain morphologies of each stent group after different implantation times; (a-1 to a-4) after 14-days implantation, (b-1 to b-4) after 30-days implantation, (c-1 to c-4) after 90-days implantation.Fig. 7

[Fig. 8](#fig8){ref-type="fig"} shows the results of the restenosis rate of each stent group after different implantation times. Except the implantation for 90 days, the mean restenosis rates of both drug-eluting stent groups were lower than those of both bare stent groups, i.e., the mean restenosis rate of the HNS drug-eluting stent group was slightly lower than that of the control drug-eluting stent group, and the mean restenosis rate of the HNS bare stent group was slightly lower than that of the control bare stent group. The variation trend in restenosis rate of each group increased with prolonging the implantation time. However, there was no significant difference among the four groups at each implantation time.Fig. 8Restenosis rate of each stent group after different implantation times, \* indicates a significant difference.Fig. 8

[Fig. 9](#fig9){ref-type="fig"} shows the results of the inflammatory score of each stent group after different implantation times. Except for the 180-days implantation point, the mean inflammatory score of the HNS drug eluting stent group was lower than those of the other three control groups. After 360-days implantation, the mean inflammatory scores of the HNS (bare and drug eluting) stent groups were lower than those of the control groups. However, there was no significant difference among the three groups at each implantation time.Fig. 9Inflammatory score of each stent group after different implantation time.Fig. 9

4. Discussion {#sec4}
=============

This study obtained many results, revealing the drug release behavior and the drug delivery path in different organs and tissues after implantation of the HNS sirolimus-eluting stent in the coronary artery. Combined with the coronary artery tissue response to this drug-eluting stent, a schematic of the drug delivery path was proposed and is shown in [Fig. 10](#fig10){ref-type="fig"}. It can be inferred from this study that there were two stages for the drug release, and the first one was from 1 to 14 days of implantation period. After the HNS sirolimus-eluting stents were implanted into the coronary arteries, a large mass of sirolimus diffused into the blood circulation system and a fraction of sirolimus spread to the surrounding coronary artery tissues. It was revealed that the drug release quantity in plasma was lower than the detection limit of high-performance liquid chromatography-mass spectrometry (HPLC-MS), as shown in [Table 1](#tbl1){ref-type="table"}, the reason for which is discussed below. It has been reported that only 6% sirolimus was distributed in plasma, while most of it was distributed in the red blood cells \[[@bib21]\]. Since the detectable limit of HPLC-MS is 0.2 ng/ml, the sirolimus concentration in the whole blood may be lower than 3.33 ng/mL after conversion from sirolimus concentration in plasma. [Fig. 5](#fig5){ref-type="fig"} shows the sirolimus distribution in heart, liver, lung, spleen, and kidney after 1-day implantation, which shows that the sirolimus concentration is at its peak. This result illustrates that the maximum amount of sirolimus was diffused into the blood at the initial implantation stage and was deposited into organs through blood circulatory system. The comparison of drug concentration in cardiac muscles with other organs shows the same tendency in the initial implantation stage (1--14 days) before the stent was covered by neointima. Another delivery path for sirolimus was spreading to coronary arteries by interorganal diffusion. The sirolimus concentrations in the coronary arteries (LCX, LAD, and RCX) with stenting are shown in [Fig. 4](#fig4){ref-type="fig"}. It is revealed that the sirolimus concentrations in the coronary arteries remained at the same level during the first 14-days implantation. The restenosis rate of the HNS sirolimus eluting stent was at the same level as the drug eluting control group, but lower than the bare metal control groups. This indicates that the HNS sirolimus-eluting stent could improve the inhibition of restenosis at the initial implantation stage.Fig. 10Schematic of the drug delivery path after the implantation of HNS sirolimus-eluting stent.Fig. 10

The 14--90 days implantation period was regarded as second stage. [Fig. 6](#fig6){ref-type="fig"} shows that no sirolimus was detected in the organs after 28-days implantation, in other words, only a small amount of sirolimus diffused into the blood circulation system, and sirolimus in organs was completely metabolized. It was observed that the stent was partly covered by neointima till 28-days implantation which means slightly released drug diffused into the blood. Besides, [Fig. 4](#fig4){ref-type="fig"} shows that the sirolimus concentration in the surrounding coronary arteries increased gradually and peaked at 90 days, indicating that the drug accumulated in the stented coronary arteries after they were covered by neointima. There was the same sirolimus concentration tendency in coronary arteries, cardiac muscles and heart owing to the drug\'s gradient distribution and tissue exchange. In many previous studies, the drug eluting stent implantation periods were lasted for 30 days or 60 days to assess the pharmacokinetics of drug-eluting stent. It was indicated that the peak sirolimus in tissue occurred in one day \[[@bib13]\]. However, the sirolimus level in other tissues peaked at 90 days in this study, revealing that the sirolimus-eluting stents were covered by the neointima after stent implantation. This is a highlight of this investigation on the pharmacokinetics of drug-eluting stent, indicating that the sirolimus eluting stent in this study did not induce delay in endothelialization. After 90-days implantation, almost entire drug released from stents, and the accumulated drug in the surrounding tissues diffused into the blood gradually showing that the drug concentration decreased in coronary arteries, cardiac muscles and heart. Compared with the results obtained from the tissue response test, the mean restenosis rate of HNS sirolimus-eluting stent group was lower than other three groups during implantation which indicates that sirolimus enriched in surrounding coronary artery tissue was high enough to inhibit the restenosis. Furthermore, the HNS bare-metal stent exhibited excellent performance than the other groups at 90-days implantation. Compared with 316L stainless steel and CoCr Alloy, HNS is a kind of austenitic stainless steel where nitrogen is used as the austenite stabilizing element instead of nickel. Hence, for HNS stents, due to absence of nickel, the restenosis rate induced by nickel element could be lower. In addition, the blood compatibility of HNS is better than conventional metal stent platform thus has lower thrombosis risk. Therefore, the novel HNS has great potential to be used as an artery stent platform.

In this study, HNS sirolimus-eluting stents achieved effective local drug delivery to target lesion with minimum drug concentration in surrounding tissue, demonstrating that the drug release tendency and drug distribution of the sirolimus-eluting stent in this study could meet the expected curative effect.

5. Conclusion {#sec5}
=============

The drug elution and distribution behavior of HNS drug eluting stents were studied in the pharmacokinetics assessment. According to the data, a large amount of drug eluted into blood circulation system and distributed in to vital organs through blood circulation at the initial (1--14 days) implantation stage. Increasing amount of drug was distributed in the coronary artery tissues and neighboring cardiac muscle tissues as the drug eluting stent covered by neointima gradually at the 14--90 days implantation. Prolonging the implantation period was a highlight of this study, where the other drug peak was obtained to illustrate the endothelialization after implantation of drug-eluting stents. In the preclinical safety evaluation, we conclude that HNS sirolimus-eluting stent showed non-inferiority statistical to the drug eluting stent used in clinic (control group). All the data indicate that the HNS sirolimus-eluting stent is bio-safe and effective for clinical application.
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